Epidemiological studies have established an association between outdoor levels of fine particles (PM 2.5 ) and cardiovascular health. However, there is little information on the determinants of PM 2.5 exposures among persons with cardiovascular disease, a potentially susceptible population group. Daily outdoor, indoor and personal PM 2.5 and absorbance (proxy for elemental carbon) concentrations were measured among elderly subjects with cardiovascular disease in Amsterdam, the Netherlands, and Helsinki, Finland, during the winter and spring of 1998-1999 within the framework of the ULTRA study. There were 37 non-smoking subjects in Amsterdam and 47 in Helsinki. In Amsterdam, where there were enough exposure events for analyses, exposure to environmental tobacco smoke (ETS) indoors was a major source of between-subject variation in PM 2.5 exposures, and a strong determinant of PM 2.5 and absorbance exposures. When the days with ETS were excluded, within-subject variation accounted for 89% of the total variation in personal PM 2.5 and 97% in absorbance in Amsterdam. The respective figures were 66% and 61% in Helsinki. In both cities, outdoor levels of PM 2.5 and absorbance were major determinants of personal and indoor levels. Traffic was also an important determinant of absorbance: living near a major street increased exposure by 22%, and every hour spent in a motor vehicle by 13% in Amsterdam. The respective increases were 37% and 9% in Helsinki. Cooking was associated with increased levels of both absorbance and PM 2.5 . Our results demonstrate that by using questionnaires in connection with outdoor measurements, exposure estimation of PM 2.5 and its combustion originating fraction can be improved among elderly persons with compromised health.
Introduction
Daily changes in the levels of ambient fine particles (PM 2.5 ; aerodynamic diameter o2.5 mm) measured at fixed outdoor monitoring sites have been associated with cardiorespiratory health in epidemiological studies (Samet et al., 2000; Le Tertre et al., 2002) . Recent studies suggest that particles originating from traffic are especially harmful (Hoek et al., 2002; Peters et al., 2004) . Reflectance of PM 2.5 filters, transformed into absorbance, can be used as an indicator for diesel and other combustion particles (Cyrys et al., 2003) .
Individuals spend most of their time indoors and conduct there particle generating activities. Consequently, the use of outdoor PM 2.5 concentrations to estimate personal exposure has been questioned. Cross-sectional correlation between outdoor and personal PM 2.5 has often been fairly low, although higher for ambient and combustion originating components of PM 2.5 (Patterson and Eatough, 2000; Gotschi et al., 2002; Janssen et al., 2005) . However, longitudinal correlation has often been higher (Janssen et al., 1998 (Janssen et al., , 1999 . In epidemiological time-series studies, the focus is on this temporal, within-subject variation in exposure and its association with the daily variation in health. The amount of within-subject variation also determines how many repeated measurements are needed to accurately estimate average individual exposure over a longer time period.
The fraction of within-subject variation in exposure unexplained by outdoor concentrations could be reduced by including in a study questions on time-varying factors possibly influencing exposure. Questionnaires can also be used to collect information on factors influencing between-subject variance, factors constant over the study period. By identifying and quantifying determinants of exposure, accuracy of exposure estimation could be improved in epidemiological studies. The information can also be used in the construction of exposure models. The determinants of PM 2.5 most often identified (besides outdoor concentrations) are exposure to environmental tobacco smoke (ETS) and cooking events (Ö zkaynak et al., 1996; Wallace et al., 2003; He et al., 2004) .
Persons with cardiovascular disorders are proposed to be especially vulnerable to the effects of particles on health (von Klot et al., 2005) . Owing to their compromised health and high mean age, they usually spend more time at home and engage fewer activities than general population, and thus have potentially lower and less variable exposures. There are only few studies evaluating the determinants of PM 2.5 exposures among elderly with compromised cardiovascular health (Liu et al., 2003) , but more studies have been conducted among persons with chronic obstructive pulmonary disease (COPD), another susceptible population group (Ebelt et al., 2000; Rojas-Bracho et al., 2004) . However, determinants of combustion originating PM 2.5 have not been evaluated in these studies.
Within the framework of the ULTRA study , outdoor, indoor and personal PM 2.5 and absorbance were measured among persons with coronary heart disease in Amsterdam, the Netherlands, and Helsinki, Finland . Within the study population, both PM 2.5 and absorbance exposures have been shown to correlate longitudinally reasonably well with outdoor concentrations (Janssen et al., 2000) . The aim of the current study was to identify the factors determining the personal and indoor concentrations. In addition, the withinand between-subject components of variation in PM 2.5 and absorbance were evaluated.
Methods
The study was conducted in Amsterdam, the Netherlands, and Helsinki, Finland, during the winter and spring of 1998-1999. In both cities, participants of a larger epidemiological ULTRA study carried a personal measurement system for 24 h preceding the biweekly clinic visits for determination of exposure to PM 2.5 and absorbance. At the same time, outdoor levels of the pollutants were monitored at a central site, and indoor levels in the participants' living rooms. Personal, indoor and outdoor measurements were conducted following the same standard operating procedures in both cities .
All participants of the study were non-smokers (although in Amsterdam, four participants lived with someone who smoked regularly), 50-84 years of age and had a doctordiagnosed coronary artery disease according to self-report. Besides cardiac disease, 24% of patients in Amsterdam had COPD (0% in Helsinki). There were two persons in Amsterdam and one in Helsinki working part-time, all the others were retired. Details of the study panels have been reported elsewhere (Ibald-Mulli et al., 2004) .
Personal measurements of PM 2.5 were conducted using GK2.05 cyclones (BGI Inc., Waltham, MA, USA), and battery-operated pumps at a flow rate of 4 l/min. Participants were instructed to carry the measurement system always with them, but were allowed to place the sampler nearby during indoor sedentary activities, or when carrying the sampler would have been impossible or too inconvenient; these occasions were recorded. Harvard Impactors and flowcontrolled pumps (model SP-280E, ADE Inc., Naples, ME, USA) at a flow rate of 10 l/min were used for indoor PM 2.5 sampling. The sampling height was 1 m. The methods of personal, indoor and outdoor measurements are described in a paper by Janssen et al. (2000) .
PM 2.5 filters were weighed using a Mettler MT5 microbalance (Mettler-Toledo, Greifensee, Switzerland) with 1 mg reading. After weighing, reflectance of the filters was measured with a reflectometer (Model 43, Diffusion Systems Ltd., UK) and transformed into absorbance (absorption coefficient) according to ISO 9835 standard (1993) ). The unit of absorbance in the current paper is m À1 Â 10
À5
. The laboratory methods and quality control results have been reported elsewhere (Janssen et al., 2000; Brunekreef et al., 2005) .
Information on patient and housing characteristics and behavior potentially determining exposure was collected with questionnaires. Baseline questionnaires filled in by researchers were used to collect information on variables that did not change during the study period (called permanent determinants in this study), such as gender, education and the vicinity of a major street to residence. A self-administered questionnaire, filled in during each 24 h measurement, was used to obtain information on time-varying determinants, for example, exposure to ETS, time (h) spent in different microenvironments and cooking.
Distributions of indoor and personal PM 2.5 and absorbance were strongly skewed right with some very extreme values. To assure variance homogeneity and normal distribution of residuals in regression analyses, natural logarithms were taken from all exposure data. Even after logarithmic transformation, two indoor absorbance values in Amsterdam, and one value for personal PM 2.5 and absorbance in Helsinki, were more than 3 interquartile ranges away from the 75th percentile value. Multideterminant models were run also without the three values to evaluate the effect of the extremes on the results.
All statistical analyses were performed using mixed models (PROC MIXED procedure) in SAS statistical software version 8.02 (SAS Institute Inc., Cary, NC, USA, 1999 USA, -2001 . To take into account that several, most likely correlating measurements were conducted on every subject, subject effects were included in the models as random effects (random intercept). Because the repeated measurements were conducted in 2-week intervals, simple compound symmetry was considered a reasonable choice for the covariance structure.
Variance components in the data, that is, within-subject and between-subject variation, were calculated using restricted maximum likelihood estimation. In the analyses, no-ETS indoor data included the measurements without ETS exposure at home, whereas in no-ETS exposure data, all measurements with ETS at home or elsewhere indoors were excluded.
Associations of questionnaire variables with PM 2.5 and absorbance were first evaluated in models including only one potential determinant at a time. To evaluate the effects of permanent determinants, subject-specific (individual) averages of PM 2.5 and absorbance were included in the models; in the case of time-variant factors, subjects were again treated as random factors. To take into account that confounding factors might cause spurious associations in one-determinant models, multideterminant models were also constructed. All determinants except the time spent in different microenvironments (outdoors, at home, indoors elsewhere, in a motor vehicle) were treated as binary variables, as there were no strong indications of linear relationships between the determinants and the pollutants in one-determinant models. The ''final'' model was constructed separately for all measures of exposure by starting from a model including all available determinants, and then dropping the variables one by one based on P-value, until Pvalues of all remaining determinants were below 0.1 (backward stepwise elimination). After the selection process, the variables that were found to fulfill the P-value criteria in one city were added in the model of the other one, if not otherwise included. The effect estimates for determinants are expressed as percentages: (e estimate À1) Â 100%.
Results
In Amsterdam, there were 3-13 personal measurements and 6-15 indoor measurements per subject from 37 study participants. In Helsinki, there were 2-9 personal measurements and 7-12 indoor measurements per subject from 47 participants. In Amsterdam, study participants spent on average 22.5 h per day indoors (21.1 h at own home), and in Helsinki 22.4 (21.3). In Amsterdam, 76% of the participants used regularly gas stove for cooking, and in Helsinki 11%. There was central heating in all residences in both cities. Descriptive statistics for outdoor, indoor and personal PM 2.5 and absorbance are presented in Table 1 . The statistics have been calculated using pooled data (n ¼ 260-503). In Amsterdam, mean levels of both PM 2.5 and absorbance decreased when the days with ETS exposure were excluded. In Helsinki, the effect of ETS could not be evaluated, because of the low number of ETS episodes (1.3-3.3% of measurements, depending on the pollutant). Mean levels of PM 2.5 were higher in Amsterdam than in Helsinki, even after exclusion of ETS exposures. In both cities, mean levels of indoor and personal PM 2.5 and absorbance were lower than outdoor levels.
In Table 2 are presented (total) variances of pollutants on log-scale, and the between-and within-subject components of the variability. In Amsterdam, exposure to ETS accounted for much of the total variance and between-subject variation especially for PM 2.5 . Even after exclusion of ETS, variability in the pollutant levels was higher in Amsterdam than in Helsinki. In both cities, within-subject variation was larger than between-subject variation with one exception: indoor PM 2.5 in Amsterdam when ETS exposures were included.
Median levels of PM 2.5 and absorbance in the categories of permanent determinants of exposure are presented in Table 3 . Asterisks represent the significance levels of the differences between the categories tested using log n -transformed data. The presence of a regular smoker at home was significantly associated with higher PM 2.5 and absorbance levels in Amsterdam. In Helsinki, there were no regular smokers. In both cities, living within 100 m from a major street was associated with higher absorbance levels, but only in Amsterdam significantly also with PM 2.5 levels. Living in the first two floors of a building was associated with lower PM 2.5 and absorbance levels in Helsinki. Keeping living room windows open was more common (22%) among those living in the upper floors than in the first two floors (9%) (data not shown). In Helsinki, also the age of the building seemed to have an effect, especially on absorbance. In Amsterdam, pollutant levels were higher in the older buildings, but no significant associations were observed. In Amsterdam, there was a suggestion that having a parking lot within 100 m would especially increase absorbance, but the number of residents having parking lot in the vicinity was low (Table 3) .
Median levels of PM 2.5 and absorbance in the categories of time-varying determinants of exposure are presented in Table 4 . Asterisks represent again the significance levels of the differences between the categories tested using log ntransformed data. ETS exposure at home was a strong determinant of both PM 2.5 and absorbance in Amsterdam, and despite only few episodes of occurrence, the effect on indoor levels was evident also in Helsinki. ETS encountered elsewhere indoors was also strongly associated with exposure to PM 2.5 and absorbance in Amsterdam. Cooking was significantly associated with higher exposure to PM 2.5 in Helsinki, and there was a suggestion of an effect also for indoor levels. In Amsterdam, the levels of indoor and personal PM 2.5 were higher during days with cooking, but the differences between the levels were not significant. Only in Amsterdam, spending time indoors somewhere else than at home was associated with higher PM 2.5 and absorbance, but the exposures increased more clearly only after 4 h. Only in Helsinki, spending time outdoors was associated with higher exposure to PM 2.5 and absorbance, but the increase became clear only after 3 h. The more the time spent in a motor vehicle, the higher the levels of PM 2.5 and absorbance seemed to be, but no significant associations were found. Table 5 presents percentage increases in PM 2.5 and absorbance by permanent and time-varying determinants. In the multideterminant models, all the variables remaining after stepwise regression in either of the cities have been included. In general, the same determinants turned out to be important in the multideterminant models and in the models including one determinant at a time. However, there was no more evidence of an association between time spent indoors and the pollutants in Amsterdam, or building year and personal absorbance in Helsinki. The association between PM 2.5 and living near a major street also disappeared in Amsterdam. On the other hand, the time spent in a motor vehicle was now clearly associated with absorbance in both cities. Having a parking lot near residence seemed to decrease absorbance exposure in Helsinki. A total of 40% of those having a parking lot near the residence did not spend time outdoors at all, compared to 22% among those having it within 100 m (data not shown). Looking at the time-variant determinants, it was now evident that cooking was associated not only with increased PM 2.5 , but also with absorbance. In Helsinki, keeping either bedroom or living room window open seemed to increase indoor levels of absorbance. Excluding the most extreme PM 2.5 value in Amsterdam and Helsinki did not change results of the multideterminant models. However, excluding one extreme personal absorbance value in Helsinki resulted in some changes. As the value was known to be linked to burning candles, which was not one of the determinants studied, and it was five times higher than the second highest values (on normal scale), the results of the multideterminant models have been given without this value.
Discussion
Besides outdoor concentrations, several other time-variant and permanent determinants of indoor concentrations of and exposures to PM 2.5 and absorbance were identified among persons with coronary heart disease in Amsterdam, the Netherlands, and Helsinki, Finland. The main determinants of PM 2.5 were ETS and cooking, which also affected the levels of absorbance. Other determinants of absorbance were the vicinity of a major street and time spent in traffic. In multideterminant models, some determinants were associated with the pollutants more clearly in Helsinki than in Amsterdam, for example, the time spent outdoors and opening of windows in the case of absorbance. In both cities, after exclusion of ETS, the within-subject variation in PM 2.5 and absorbance exposures was larger than between-subject variation.
In the current study, within-subject variation in PM 2.5 and absorbance exposures accounted for over half of the total variance on days without ETS exposure, which increased between-subject variation. Without ETS, the contribution of within-subject variation to total variance was of the same magnitude for indoor and personal concentrations. In another population group susceptible for air pollution effects, asthmatic children, the within-subject variation was also found to account for over half of the total variation in indoor PM 2.5 (Wallace et al., 2003) . Among adults, day-to-day variation in exposure has been observed to be higher than interpersonal variability also for the pollutants NO 2 and SO 2 (Lee et al., 2004) . Results of the current study indicate that repeated measurements of PM 2.5 and absorbance are needed to estimate long-term individual exposures.
In Amsterdam, ETS had a major effect on both personal and indoor PM 2.5 . Despite the fact that all participating subjects were non-smokers, a substantial number of measurement days (19%) in Amsterdam included ETS exposure. In Helsinki, there were only few ETS exposure events, at least partly because nobody was living with a smoker unlike in Amsterdam, but the results suggest same kind of association. Previous studies have demonstrated that ETS is a major source of exposure to PM 2.5 among non-smokers in general population (Ö zkaynak et al., 1996) and among COPD patients (Rojas-Bracho et al., 2004) . In Amsterdam, also absorbance was affected by ETS, but the percentage increase was lower than for PM 2.5 . This is in line with the results from Copenhagen, where among young adults the time exposed to ETS was associated with PM 2.5 exposure, but not with absorbance (Srensen et al., 2005) .
In the current study, absorbance of PM 2.5 filters was used as a proxy for elemental carbon content of PM 2.5 . Absorbance is associated with a variety of combustion processes, but ambient concentrations are mainly affected by diesel particles (Gray and Cass, 1998) . Absorbance might be closely associated with at least some health relevant fraction The significance levels of the differences between the categories of determinants have been indicated with asterisks. *Po0.1, **Po0.05, ***Po0.01. n s ¼ number of subjects. The significance levels of the differences between the categories of determinants have been indicated with asterisks. *Po0.1, **Po0.05, ***Po0.01. a n ¼ total number of measurements. ETS ¼ environmental tobacco smoke; empty cells ¼ determinants not relevant for indoor concentrations.
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of particulate matter. Incomplete combustion produces elemental carbon particles that adsorb transition metals and organic carbon compounds, which have been linked to cellular effects of particles (Obot et al., 2002) .
Having a major street within 100 m of the residence and spending time in traffic were major determinants of absorbance, demonstrating the effect of traffic on the exposure. In multideterminant models, PM 2.5 was not associated with traffic, confirming the earlier reports that absorbance is a better marker for traffic than mass of particles (Cyrys et al., 2003) . There are some earlier studies conducted in the two cities, which have linked traffic to absorbance: in Amsterdam, both living along a main road and spending time in traffic were associated with increased exposure to absorbance (of PM 10 ) among 50-to 70-year-old adults (Wichmann et al., 2005) . In the study, the time spent outdoors had less effect on absorbance than the time spent in transport, which is in line with the current results. In Helsinki, among adult population, exposure to absorbance (of PM 2.5 ) has been associated with the traffic density of the nearest street, but the time in traffic had no effect on exposure (Koistinen et al., 2001) .
Cooking was associated with increased daily PM 2.5 and absorbance exposures in both cities. In previous studies, cooking has often been associated with episodic peaks in PM 2.5 concentrations (Jones et al., 2000; Lanki et al., 2002) . The contribution of indoor-generated peaks to daily average concentration depends on the air exchange rate of the home (Rojas-Bracho et al. 2000) . On the other hand, the type of cooking determines emission rates and size distribution of particles . Unfortunately, we could not add in the questionnaires more specific questions about the type of cooking, as the study participants also had to fill in a considerable number of questionnaires related to the epidemiological part of the study. It is unclear how important are particles generated by indoor combustion sources like cooking with respect to health, but there is recent epidemiological evidence that indoor-generated particles in general might be less harmful than ambient particles (Ebelt et al., 2005; Koenig et al., 2005) .
Keeping windows open is one of the factors affecting air exchange rate at home. In both cities, open windows seemed to be associated with increased indoor levels of absorbance, but the association was stronger in Helsinki. The frequency of keeping windows open was much lower in Helsinki than in Amsterdam, obviously due to colder climate. Because of the climate, apartments are also tighter in Finland, and thus the occasional opening of windows probably alters the air exchange rate more than frequent opening in Amsterdam explaining the result. Interestingly, living in upper floors was associated with increased PM 2.5 in Helsinki. This is somewhat counterintuitive, but the reason for this might be the less frequent opening of windows in the two first floors, where traffic noise and coarse dust might make open windows a less attractive option. In Helsinki, another somewhat surprising association was observed: having a parking hall/lot near residence seemed to decrease absorbance exposure, not to increase as expected. There is obviously some hidden confounding for which possibilities are many. For example, those having a parking place near them spent less time outdoors potentially decreasing their exposure.
During the measurement days, our study subjects spent an average of 88% of their time at home. In other studies, COPD patients have been observed to spend around 90% of their time at home, whereas the fraction has been closer to 80% for elderly without any cardiorespiratory disease (Ebelt et al., 2000; Liu et al., 2003) . This is one indication that although our study was conducted among elderly with cardiovascular disease, the results are probably generalizable, to some degree, to elderly populations having health compromised in some other way that restricts their activities. However, generalization should be made cautiously beyond cold and moderate climates, as for example air exchange rates and indoor sources are likely to differ according to location.
One of the limitations of the study is the lack of yearround measurements. This is because the study was conducted within a larger epidemiological study, where intensive clinic visits could only be run for half a year. However, both warm and cold periods were included in the study period; thus, the results are expected to represent reasonably well determinants of exposure during other seasons than perhaps mid-summer. Even when the number of measurements available was considerable, the data were considered too limited to construct extensive multideterminant models separately for winter and spring. The correlations of outdoor PM 2.5 and absorbance with personal concentrations have been shown to be robust to seasonal effects in the current data . However, in Helsinki, PM 2.5 exposures have previously been shown to be higher during summer than winter, at least partly because windows have been kept open longer times during summer (Koistinen et al., 2001 ).
In conclusion, although outdoor concentrations of PM 2.5 and absorbance were strongly associated with personal and indoor concentrations in two European cities, several additional determinants were identified and quantified. PM 2.5 and absorbance were observed to have partly different determinants. Our results demonstrate that by using relatively simple questionnaires in connection with outdoor measurements, exposure estimation of PM 2.5 and its combustion originating fraction can be improved among elderly with compromised cardiovascular health.
